An unusual rotavirus strain, Ryukyu-1120, with G5P[6] genotypes (RVA/Human-wt/JPN/Ryukyu-1120/2011/G5P[6]) was identified in a stool specimen from a hospitalized child aged 4 years who showed diarrhoea and encephalopathy. In this study, we sequenced and characterized the complete genome of strain Ryukyu-1120. On whole genomic analysis, this strain was found to have a unique genotype constellation: G5-P[6]-I5-R1-C1-M1-A8-N1-T1-E1-H1. The VP6 and NSP1 genotypes I5 and A8 are those commonly found in porcine strains. Furthermore, phylogenetic analysis indicated that each of the 11 genes of strain Ryukyu-1120 appeared to be of porcine origin. Thus, strain Ryukyu-1120 was found to have a porcine rotavirus genetic backbone and is likely to be of porcine origin. To our knowledge, this is the first report of wholegenome-based characterization of the emerging G5P[6] strains in Asian countries. Our observations will provide important insights into the origin of G5P [6] strains and the dynamic interactions between human and porcine rotavirus strains.
Group A rotavirus (RVA), a member of the family Reoviridae, is the major cause of acute gastroenteritis in the young of humans and many animal species worldwide. In humans, RVA infections are associated with high morbidity and mortality, being responsible for an estimated 453 000 deaths annually (Tate et al., 2012) . RVA particles enclose an 11-segment genome of dsRNA (Estes & Kapikian, 2007) . Because of the segmented nature of the genome, reassortment between/within human and animal strains is one of the major processes of genetic evolution of this virus.
RVA has two outer capsid proteins, VP7 and VP4, which are implicated independently in neutralization and define the G and P genotypes, respectively. To date, RVAs are classified into at least 27 G and 37 P genotypes (Matthijnssens et al., 2011; Trojnar et al., 2013) . Among them, some specific G and P genotypes are dominant in individual animal species. In human RVAs, G genotypes G1-G4, G9 and G12, and P genotypes P[4], P [6] and P [8] are considered as major genotypes, whilst porcine RVAs are assigned mostly to G genotypes G3-G5, G9 and G11, and P genotypes P [6] , P [7] and P [13] (Santos & Hoshino, 2005; Martella et al., 2010 Matthijnssens et al., 2010 . Recently, a classification system based on the genetic characterization of all 11 gene segments has been proposed for RVAs with the aim of facilitating tracing of the origin and evolution of RVAs (Matthijnssens et al., 2008) .
G5 strains, originally detected in pigs, have also been identified in children with acute diarrhoea in combination with various P genotypes in Brazil (Gouvea et al., 1994) , Argentina (Bok et al., 2001) , Paraguay (Coluchi et al., 2002) , Cameroon (Esona et al., 2004 (Esona et al., , 2009 , the UK (Beards & Graham, 1995) and Bulgaria (Mladenova et al., 2012) . Recently, unusual G5P [6] strains have been detected in humans in Asian countries, such as China (Duan et al., 2007; Li et al., 2008) , Vietnam (Ahmed et al., 2007) and Taiwan (Hwang et al., 2012) . We also detected a human G5P [6] strain (RVA/Human-wt/JPN/Ryukyu-1120/2011/ G5P [6] ; short name, strain Ryukyu-1120) in a stool sample collected from a hospitalized child (4 years old) who showed acute diarrhoea and mild encephalopathy with a reversible splenial lesion (MERS) in Okinawa Prefecture, Japan (Matsuoka et al., unpublished results, Yodoshi, T., Sugai, M., Hiyane, M., Matsuoka, T., Akeda, H., Ohfu, M., Komoto, S., Taniguchi, K., unpublished results). To our knowledge, this is the first detection of a human G5 strain in Japan.
Whole genomic analysis is a reliable method for obtaining conclusive data on the origin of an RVA strain and for tracing its evolutionary pattern (Matthijnssens et al., 2008 (Matthijnssens et al., , 2011 Ghosh & Kobayashi, 2011) . To date, all 11 gene segments of only one human G5P [6] strain, Bulgarian BG620, have been analysed, providing evidence of its porcine origin (Mladenova et al., 2012) . Partial genomic analyses of Asian G5P [6] strains (only three or four of the 11 segments) have also shown the presence of porcine-like gene segment(s) (Ahmed et al., 2007; Duan et al., 2007; Li et al., 2008; Hwang et al., 2012) . However, the overall genomic constellation and the exact evolutionary patterns of Asian G5P [6] strains remain to be elucidated. Moreover, as strain BG620 was detected in Europe, whole genomic analysis of strain Ryukyu-1120 might be useful for gaining a proper understanding of the evolutionary patterns of emerging G5P [6] strains in Asian countries. In the present study, we analysed the whole genome of the first Japanese strain, Ryukyu-1120, with G5P [6] genotypes isolated from a diarrhoeic child with encephalopathy. Viral dsRNAs were extracted from stool suspensions using TRI Reagent LS (Molecular Research Center). For G and P genotyping, a multiplex semi-nested reverse transcription (RT)-PCR-based genotyping method (Taniguchi et al., 1992; Wu et al., 1994) was used with some modifications. The primers used for G and P genotyping are listed in Table S1 , available in JGV Online. For the first PCR step, the full-length VP7 gene (1062 bp) and the partial-length VP4 gene (1094 bp) were amplified with primers VP7/ T31F and VP7/T32R and primers VP4/T52F and VP4/ T74R, respectively. The PCR products were used as templates for the second multiplex PCR. For G genotyping, the second PCR was primarily carried out using a pool consisting of G1-, G2-, G3-, G4-, G8-and G9-specific sense primers that correspond to most of the G genotypes circulating in humans, and the conserved antisense VP7/ T32R primer. However, we failed to amplify the VP7 gene of strain Ryukyu-1120 by the usual PCR method (Fig. 1a , left panel), and we modified the second PCR by employing new sense primers specific for G5, G6, G10, G11 and G12 genotypes that have been detected in humans at low frequencies. Through the multiplex PCR with the new primers, we successfully amplified the VP7 gene of strain Ryukyu-1120 as a fragment of 310 bp, the expected size for the G5 genotype (Fig. 1a , right panel). For P genotyping, the conserved sense VP4/T52F primer and a primer set consisting of P[4]-, P[6]-, P[8]-and P[9]-specific antisense primers were employed for the second PCR. Through this PCR, we successfully amplified a partial VP4 gene of strain Ryukyu-1120 as a fragment of 753 bp, the expected size for G1-, G2-, G3-, G4-, G8-and G9-specific primers G genotyping G5-, G6-, G10-, G11-and G12-specific primers 310 bp (G5) Fig. 1 . PCR-based G and P genotyping of strain Ryukyu-1120. The full-length VP7 gene and the partial-length VP4 gene were amplified by the first PCR. The amplified cDNAs were used as templates for the second multiplex PCR, followed by separation in 1.5 % agarose gels. (a) For G genotyping, the second PCR was performed using a set of G1-, G2-, G3-, G4-, G8-and G9-specific primers (left panel), or a set of G5-, G6-, G10-, G11-and G12-specific primers (right panel). (b) For P genotyping, the second PCR was performed with a set of P[4]-, P[6]-, P[8]-and P[9]-specific primers. NC, negative control (viral dsRNA as the template was replaced with water). Marker, 100 bp ladder size markers.
Whole genome of novel human G5P [6] rotavirus in Japan the P [6] genotype (Fig. 1b) . Thus, PCR-based G and P genotyping indicated that strain Ryukyu-1120 was a novel RVA strain with G5P [6] genotypes.
Because G5 strains have been detected exclusively in pigs in Japan (Teodoroff et al., 2005; Miyazaki et al., 2011) , the detection of a G5P [6] strain in the human population was suggestive of zoonotic transmission. In order to investigate this possibility, the full-length nucleotide sequences (exactly full-length sequences excluding the 59-and 39-end primer sequences) of all 11 segments of strain Ryukyu-1120 were determined and genotyped. The primers used for cDNA amplification of individual genes are listed in Table S2 . The RT-PCR products obtained were cloned into the pMD20-T vector (Takara Bio). Three clones for each gene were sequenced using an ABI PRISM 3730 DNA Analyser (Life Technologies, Applied Biosystems). Sequencing was performed with the universal M13M4 and M13RV primers annealing to the pMD20-T vector. Primerwalking sequencing was performed to cover the complete sequences of the VP1, VP2, VP3 and VP4 genes. The genotype of each of the 11 gene segments was determined using the RotaC v2.0 automated genotyping tool (http:// 
*Genotype assignment based on reports by Hwang et al. (2012) (strain 03-98sP50) and Mladenova et al. (2012) (strain BG620). To our knowledge, to date, the nucleotide sequence accession numbers for strains 03-98sP50 and BG620 are not available in the GenBank/EMBL/DDBJ data libraries.
rotac.regatools.be/; Maes et al., 2009) according to the guidelines proposed by the Rotavirus Classification Working
Group. The VP7, VP4, VP6, VP1-3 and NSP1-5 genes were assigned to the G5, P [6] , I5, R1, C1, M1, A8, N1, T1, E1 and H1 genotypes, respectively (Table 1) . Strain Ryukyu-1120 was confirmed to have G5P [6] genotypes, as determined by PCR-based genotyping. Comparison of the complete genotype constellation of strain Ryukyu-1120 (G5-P[6]-I5-R1-C1-M1-A8-N1-T1-E1-H1) with those of other G5 and non-G5 strains is shown in Table 1 . Although most segments (VP1-3 and NSP2-5) belonged to Wa-like genotypes, the VP6 and NSP1 genotypes (I5 and A8) are those commonly found in porcine strains (Zeller et al., 2012) . Strain Ryukyu-1120 was found to share the same constellation of VP6, VP1-3 and NSP1-5 genotypes (I5-R1-C1-M1-A8-N1-T1-E1-H1) with porcine strains {YM (G11P (Mukherjee et al., 2011; Ghosh et al., 2012) . Thus, the genotype constellation of strain Ryukyu-1120 was mostly identical to that of porcine strains and porcine-like human strains.
We next constructed phylogenetic trees using the fullgenome sequence for each of the 11 gene segments because phylogenetic analysis of RVA nucleotide sequences provides direct evidence of their relatedness to those of other strains, even within the same genotype (Matthijnssens et al., 2008) . Multiple alignment of each viral gene was performed using the CLUSTAL W program. Phylogenetic analysis was performed with MEGA5 (Tamura et al., 2011) based on the neighbour-joining method. The reliability of the branching order was estimated from 1000 bootstrap replicates.
The VP7 gene of strain Ryukyu-1120 exhibited maximum nucleotide sequence identity (91.6 %) with that of Japanese porcine strain TJ4-5 (G5P[13]/[22]) (Miyazaki et al., 2011) and lower similarities with the other porcine, porcine-like human and bovine strains (84.0-88.7 %). On phylogenetic analysis, both Japanese strains were closely related to each other, despite their isolation from different species (Fig. 2a) .
The VP4 gene of strain Ryukyu-1120 showed highest nucleotide sequence similarity (92.9 %) with a Chinese porcine-bovine multi-reassortant human strain, R479 (G4P [6] ) (Wang et al., 2010) , and comparable identity with Asian porcine-like human strains LL4260 (G5P [6] ) (92.6 %) (Li et al., 2008) and VN904/2003 (G9P[6] ) (92.6 %) (Nguyen et al., 2007) . On phylogenetic analysis, strain Ryukyu-1120 was found to cluster with Italian porcine strains 134/04-10 (G3P [6] ) and 134/04-11 (G3P [6] ) sharing nucleotide sequence identity (91.7 %) (Martella et al., 2006) in a common branch with several porcine and porcine-like human strains (Fig. 2b) .
The VP6 gene of strain Ryukyu-1120 exhibited maximum nucleotide sequence similarity (94.5 %) with the Korean porcine strains PRG942 (G9P[23] ) and PRG9235 (G9P[23] ). Whole genome of novel human G5P [6] rotavirus in Japan
Phylogenetically, strain Ryukyu-1120 clustered with these porcine strains in a common branch with several porcine and porcine-like human strains within the porcine-like I5 genotype (Fig. 2c) .
The VP1, VP2 and VP3 genes of strain Ryukyu-1120 showed maximum nucleotide sequence identities (87.5-93.0, 90.7-93.7, 89.5-90 .1 and 90.2-91.9 %, respectively) with the cognate genes of reference porcine strains {OSU (G5P [7] ), Gottfried (G4P [6] ) and YM (G11P [7] )} and the porcine-like human strain BE2001 (G9P [6] ) (Zeller et al., 2012) . On phylogenetic analyses, strain Ryukyu-1120 was found to cluster near these porcine and porcine-like human strains (Fig. S1a-c) .
The NSP1 gene of strain Ryukyu-1120 exhibited highest nucleotide sequence identity (92.7 %) with that of porcine strain Gottfried, and somewhat lower identities (87.7-90.5 %) with Indian porcine-like human strains {mani-97 (G9P [19] ), mani-362 (G4P [6] ), mani-253 (G4P[4] ) and mcs-13 (G9P [6] )} (Mukherjee et al., 2009 (Mukherjee et al., , 2010 and the Belgian porcine-like human strain BE2001 (G9P [6] ). On phylogenetic analysis, strain Ryukyu-1120 clustered with strain BE2001 in a common branch with these porcine and porcine-like human strains within the porcine-like A8 genotype (Fig. S1d) .
The NSP2 gene of strain Ryukyu-1120 exhibited maximum nucleotide sequence similarity (94.3 %) with that of a porcine-human reassortment strain, IAL28 (G5P[8]) (Timenetsky et al., 1997; Heiman et al., 2008) , and somewhat lower similarities (91.2-92.4 %) with other porcine strains {PRG9121, PRG9235 and RU172 (G12P[7] )} and a porcinebovine multi-reassortant human strain (R479). On phylogenetic analysis, strain Ryukyu-1120 was found to be clustered with strain IAL28 in a common branch with these porcine and porcine-like human strains (Fig. S1e) .
The NSP3 and NSP4 genes of strain Ryukyu-1120 showed highest nucleotide sequence similarities (95.1 and 95.3-95.5 %, respectively) with those of Korean porcine strains (PRG942, PRG9121 and PRG9235). On phylogenetic analysis, the NSP3 and NSP4 genes of strain Ryukyu-1120 were found to be closely related to those of these porcine strains (Fig. S1f, g ).
The NSP5 gene of strain Ryukyu-1120 exhibited maximum nucleotide sequence identity (98.8 %) with porcine strains YM (G11P [7] ) and SB1A (G4P [7] ), and comparable genetic identities (98.6, 98.6 and 98.4 %, respectively) with porcine strains Gottfried, PRG9121 and RU172. On phylogenetic analysis, strain Ryukyu-1120 was found cluster with Indian porcine strain RU172 (G12P [7] ) (Ghosh et al., 2010) in a common branch with several porcine and porcine-like human strains (Fig. S1h) .
Taken together, each of the 11 genes of strain Ryukyu-1120 was found to be closely related to porcine RVA genes. Therefore, strain Ryukyu-1120 has a porcine genetic backbone and is likely to be of porcine origin.
Because the ability to cultivate emerging G5P [6] strains in cell culture will undoubtedly enhance further studies on them, we then attempted to isolate strain Ryukyu-1120 using the MA104 cell line in roller culture (Urasawa et al., 1981) . Suspended stool samples containing strain Ryukyu-1120 were subjected to serial passages in MA104 cells. Although a significant cytopathic effect was not observed in the first and second passages, MA104 cells in the third passage showed an RVA-derived cytopathic effect, suggesting the isolation of cell culture-adapted strain Ryukyu-1120. Virion dsRNAs were extracted and analysed by PAGE followed by silver staining to determine the genomic dsRNA profile. Fig. S2 shows the profiles of viral dsRNAs from human strain KU (G1P[8]) as a reference and strain Ryukyu-1120 extracted from stool samples and from cell culture. All strains showed a long electropherotype. The dsRNA migration pattern of cell culture-adapted strain Ryukyu-1120 was identical to that of the original strain Ryukyu-1120 present in stool samples. It was confirmed that the isolated strain Ryukyu-1120 retains G5P [6] genotypes by PCR-based genotyping (data not shown).
In the present study, we analysed the whole genome of the first Japanese strain, Ryukyu-1120, with G5P [6] genotypes (RVA/Human-wt/JPN/Ryukyu-1120/2011/G5P [6] ) from a child with acute diarrhoea and MERS. Strain Ryukyu-1120 showed a unique genotype constellation: G5-P[6]-I5-R1-C1-M1-A8-N1-T1-E1-H1. The VP6 and NSP1 genotypes I5 and A8 are genotypes commonly found in porcine strains. Phylogenetic analysis revealed that each of the 11 genes of strain Ryukyu-1120 appeared to be of porcine origin. Therefore, strain Ryukyu-1120 was assumed to be the result of direct interspecies transmission from pigs to humans, or a reassortment event(s) between human and porcine strains.
Recently, unusual G5P [6] strains have been found in humans in Asia. Because it has not been examined whether or not two available RVA vaccines [Rotarix (GlaxoSmithKline) and RotaTeq (Merck)] are effective for prevention against G5P [6] strains, continuing RVA surveillance of this G/P combination in the human population may be required. Simultaneous monitoring of RVA strains in humans and animals is also essential for a better understanding of RVA ecology. Furthermore, it is necessary to survey the prevalence of G5P [6] strains in the Okinawa area of Japan where strain Ryukyu-1120 was detected.
